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To extend lifetime and enhance the properties of the molding dies for glass molding, functional protective coatings have been applied on the
core material with cost effectiveness during mass production. In this study, the Mo–Ru hard and protective coatings with the Ni interlayer were
deposited on tungsten carbide substrate by direct current (DC) sputtering technique to improve the characteristics of molding die material.
Intensive investigations on composition control through sputtering parameters were conducted. The surface hardness of the Mo–Ru films was
measured by nanoindentation testing. In practice, the molding dies need to endure a thermal cycle of the temperature range from room temperature
to around 600 °C. Under heat treatment at 600 °C for 4 h, the grain size was evaluated by X-ray diffractometry. It was demonstrated that the
surface roughness, Ra, of Mo–Ru protective thin films was in the nanoscale through atomic force microscopy even under high temperature
treatment. In addition, nanohardness test indicated that the annealed Mo–Ru films exhibited a high hardness over 11 GPa, which was compatible
with those of the as-deposited films, and no significant degradation was revealed.
© 2006 Elsevier B.V. All rights reserved.Keywords: Hardness; Nanoindentation; Surface roughness; Mo–Ru; Sputtering1. Introduction
Protective coatings to be used under severe environmental
conditions, such as elevated temperatures, high working stress
and controlled atmosphere, are of high interest in versatile
industrial applications. Especially along with the fast growing
markets for cellular phones, digital still camera, and projector
modules, the optical glass lens with high index, less aberration,
controlled defect density, and enlarged throughput are solicited.
Glass molding, by which high quality lens could be fabricated
with lower cost and higher process rate as compared to the
traditional glass lens production method, is the key technique.
During the molding process, the glass should be treated under a
molding temperature in the range around yield point (At) to
softening point (Sp). Moreover, the molding dies need to endure
a thermal cycle of the temperature range from room temperature
to around 600 °C under high pressing loads. Hard protective
coatings providing multiple functions, including high hardness,⁎ Corresponding author. Fax: +886 3 5712686.
E-mail address: jgd@mx.nthu.edu.tw (J.-G. Duh).
0040-6090/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.tsf.2006.03.039smooth surface morphology, good thermal stability, adequate
adhesion, and long cyclability, are thus proposed to meet the
requirements.
Two major categories of hard coating materials are used as
the protective coatings, such as hard carbon thin film [1,2] and
high melting point metal alloy coating like precious metal alloy
films [3–5]. The metal alloy coatings, including platinum-
iridium (Pt–Ir) [3] and iridium-rhenium (Ir–Re) [6], are
employed as the top coating on molding dies materials with
selected interlayer [7] to exhibit longer service lifetime for the
molding process of glass optical elements. It was concluded that
with the addition of Pt, Re, or ceramic inclusion of CrN, the
smooth surface morphology and good thermal stability could be
achieved [8]. However, Ir and Pt metals are so expensive that
some substitute with lower fabrication cost should be developed
as the new alloy to be used in the molding process. In the
present study, refractory metal molybdenum, Mo, and rutheni-
um, Ru, with high melting temperature and lower material cost
[9] were fabricated by the DC magnetron dual-gun sputtering
technique to form a Mo–Ru alloy coating. Heat-treatment up to
600 °C with controlled atmosphere was conducted on the alloy
Table 1
Composition controls and thickness of Mo–Ru coatings with various input
powers
Sample
designation
Input power
(W)
Composition (at.%) Thickness
(nm)
Mo Ru Mo Ru
A 200 300 24.6±0.4 75.4±0.4 1290
B 200 285 34.7±0.5 65.3±0.5 1320
C 200 200 38.3±0.9 61.7±0.9 1210
D 200 100 54.6±0.9 45.4±0.9 1045
E 300 300 37.5±0.3 62.5±0.3 1325
F 300 200 45.4±0.7 54.6±0.7 1280
G 300 150 46.3±1.0 53.7±1.0 1145
H 300 100 58.4±0.6 41.6±0.6 1064
I 150 300 11.6±0.4 88.4±0.4 1220
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Fig. 2. XRD patterns of the as-deposited coatings: (a) Mo46.3Ru53.7,
(b) Mo38.3Ru61.7, (c) Mo34.7Ru65.3, (d) Mo11.6Ru88.4.
2208 Y.-I. Chen et al. / Thin Solid Films 515 (2006) 2207–2212coatings to simulate the molding environment. The corres-
ponding nanohardness, surface morphology, roughness and
grain growth phenomenon of the Mo–Ru coatings in the as-
deposited and heat-treated state were investigated and inten-
sively discussed.
2. Experimental details
The Mo–Ru alloy coatings were fabricated onto the tungsten
carbide (WC) substrate and Si wafer with theNi interlayer byDC
magnetron sputtering technique. Pure metal targets of Mo, Ru
and Ni were adopted as source materials for sputtering. The
sputter guns were inclined to exhibit a focus point at the center of
substrate. The target-to-substrate distance was kept at 80.0 mm
for all sputtering guns. After loading the sample in the vacuum
chamber, the chamber was evacuated down to 8×10−4 Pa fol-
lowed by the inlet of argon gas as a plasma source. Before
deposition, all the targets were presputtered for 5 min in order to
clean the target surfaces. The substrate holder was rotated with a
speed of 6.0 r.p.m and heated to 550 °C during sputtering. TheAr
flow rate was controlled at 20 sccm and the resulted working
pressure was 1.33×10−1 Pa. The Ni interlayer was deposited for
20 min with a fixed input power of 150 W. The compositions of
the coatings were evaluated with the field-emission electron
probe microanalyzer (FE-EPMA, JXA-8500F, JEOL, Japan)50 100 150 200 250 300 350
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Fig. 1. Ru contents of the sputtered MoRu coating deposited under various input
powers on Ru target.under a 12 kV accelerating voltage. Quantitative analysis was
performed with the aid of the atomic number, absorption, and
fluorenscence (ZAF) correction methods [10] by the employ-
ment of pure Mo, Ru and Ni as the standards. The thickness of
Mo–Ru and Ni layers were again verified by FE-EPMA. A
conventional X-ray diffractometer (Rigaku Dmmax-B, Tokyo,
Japan) was adopted to identify the phases and microstructures of
the coatings. The X-ray, Kα of Cu, was generated from a Cu
anode operated at 40 kVand 30mA. The diffractionmethod used
in the X-ray diffraction (XRD) test is the conventionally θ–2θ
scan. To investigate the related properties of the coatings under
heat treatment, the coatings in the as-deposited state were further
heat treated to 600 °C for 4 h in the vacuum of 7×10−4 Pa, and
then were furnace-cooled to room temperature.
The surface hardness of various Mo–Ru coatings in both as-
deposited and heat-treated state was measured with a nanoin-
dentation tester (TriboScope, Hysitron, USA) interfaced with an
atomic force microscopy (AFM, Nanoscope E, Digital In-
strument, USA). The nanoindenter was equipped with a Ber-
kovich diamond probe tip, 3-sided pyramidal indenter. The
applied load was controlled 3000 μN for all the tests with a
loading and unloading rate of 600 μN/s. The nanohardness and
elastic modulus of each indent was calculated based on Oliver
and Pharr method [11]. The surface morphologies of the coat-
ings were evaluated by atomic force microscopy (AFM, Nano-
scope E, Digital Instrument, USA) using the typical Si probe in
the typing mode scanning. The scanning size of each image of
the coatings was set to be 2×2 μm with a scanning rate of
1.0 Hz to obtain a detailed surface image. The surface rough-
ness, Ra and Rq, were calculated from the AFM image ac-
cording to following formula [12]:
Ra ¼ 1
N
XN
i¼1
jZij ð1Þ
Rq ¼ 1
N
XN
i¼1
ﬃﬃﬃﬃﬃﬃ
Zi2
p
ð2Þ
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Fig. 3. XRD patterns of coatings (a) as-deposited Mo46.3Ru53.7, (b) annealed
Mo46.3Ru53.7, (c) as-deposited Mo34.7Ru65.3, (d) annealed Mo34.7Ru65.3.
Table 2
Grain size, hardness and Young's Modulus of various Mo–Ru films
Grain Size (nm) Hardness (GPa) Young's Modulus (GPa)
Mo46.3Ru53.7 (as-
deposited)
19.1 12.9±0.4 250±10
Mo38.3Ru61.7 (as-
deposited)
21.7 12.4±1.4 233±3
Mo34.7Ru65.3 (as-
deposited)
27.3 11.4±1.1 225±20
Mo11.6Ru88.4 (as-
deposited)
39.7 11.0±1.1 210±6
Mo46.3Ru53.7
(heat-treated)
26.4 11.8±0.2 229±13
Mo34.7Ru65.3
(heat-treated)
28.6 11.3±1.0 223±14
2209Y.-I. Chen et al. / Thin Solid Films 515 (2006) 2207–2212where N is the number of data points for an inspected area,
while Zi represents the difference in height between each data
point and the mean surface level.
3. Results and discussion
3.1. Composition
The composition versus power control of various Mo–Ru
coatings thickness is summarized in Table 1. Prior to deposition
of Mo–Ru coating, the Ni interlayer was first deposited for
20 min on tungsten carbide substrate. The average thickness of
Ni interlayer was 650 nm. In the Mo–Ru binary systems, the
composition of Mo and Ru were 11.6 and 88.4 at.% cor-
responding to input power of 150 and 300 W, respectively. With
increasing input power of Mo to 300 W and decreasing input
power of Ru to 100 W, the Mo content in the coating layer was
increased to 58.4 at.%. Fig. 1 shows the content of Ru in the
binary Mo–Ru coating as a function of input power on Ru
target. The upper and lower curves represented the fixed input
power of 200 and 300 W for Mo target, respectively. While the
input power of Mo was fixed at 300 W, the content of Ru could
be adjusted from 41.6 to 62.5 at.% as the input power of Ru
target was varied from 100 to 300 W. Under identical input30 40 50 60 70 80 90 100
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Fig. 4. Grain size of the Mo–Ru coatings as function of Ru content.power of 200 W (or 300 W) for both Mo and Ru, the atomic
ratio Mo/Ru was maintained around 0.6. Theoretically, Ru has a
higher sputtering yield under the same plasma environment and
input power [13]. Thus, the deposition rate of Ru was higher
than that of Mo under identical input power. In summary, the
Mo–Ru coating with Ni interlayer could be fabricated by multi-
target magnetron sputtering technique. Through composition
analysis, the Mo and Ru content could be controlled in the range
of 11.6–58.4 and 41.6–88.4, respectively.
3.2. Phase identification
Fig. 2 shows the XRD patterns of various as-deposited Mo–
Ru coatings on Si wafer. Two phases of Ru and an intermetallic
phase, Mo5Ru3, were identified for various Mo–Ru coatings. It
was reported that in the upper part of the Mo–Ru phase diagram
at high temperature, the possible phases were body-center-cubic
(b.c.c) Mo(Ru), hexagonal-center-cubic (h.c.p.) Ru(Mo) solid
solutions, and Mo5Ru3 intermetallic compound [14–16]. In the
present study, the composition of the coatings, B, C, and G, as
designated in Table 1, fell in the Mo5Ru3–Ru(Mo) dual phase
region. As a result, it was reasonable to obtain these two phases
in the Mo–Ru coatings. Diffraction peaks of Ni were also
observed for the Ni interlayer.
It should be pointed out that peaks of Mo5Ru3, along with the
intermediate phase of Mo–Ru alloy, were observed in these X-0 20 40 60 80 100 120
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Fig. 5. Load–displacement curve of the as-deposited Mo46.3Ru53.7 film obtained
by nanoindentation technique.
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Fig. 6. Hardness and Young's Modulus of as-deposited Mo–Ru films with
various grain sizes.
2210 Y.-I. Chen et al. / Thin Solid Films 515 (2006) 2207–2212ray patterns, except for Mo11.6Ru88.4 coating. Moreover, similar
phase distribution and preferred orientation in Ru(002) of Mo–
Ru layers were found in Fig. 2(a)–(d). The peak of Ru(002)
shifted to the left hand side due to the addition of Mo atoms into
the Ru structure. In the Mo11.6Ru88.4 layer, the phase of the
coating was dominated by the Ru(Mo) structure. This could be
referred to Mo–Ru phase diagram, in which the major phase isμm
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Fig. 7. Surface morphologies of the as-deposited coatings evaluated by AFMthe Ru once the mole fraction of Ru reaches around 0.6 [15,16].
To sum up, Ru(Mo) and Mo5Ru3 were identified as the major
phases for the Mo–Ru coating.
Fig. 3 shows XRD patterns of Mo46.3Ru53.7 andMo34.7Ru65.3
coatings in as-deposited and annealed states. After annealing at
600 °C for 4 h in vacuum, no significant phase transformation
was found, as compared to those of the as-deposited films. From
the XRD analysis, the grain size ofMo–Ru layers was calculated
by the Scherrer's formula [17]. The peak of Ru(002) was
selected for calculating the grain size. The correlation between
grain size andRu contents in theMoRu coatings is plotted in Fig.
4. The grain size was from 19.1 to 39.7 nm, as Ru contents in the
coating varied from 26.7 to 88.4 at.%, respectively. It appears
that the grain size increased with Ru contents in as-deposited
state. Although no phase transformation occurred during
annealing treatment, the grain size was slightly increased in
Mo46.3Ru53.7 andMo34.7Ru65.3 layers due to grain growth. Table
2 summarizes the grain size data of selected Mo–Ru coatings in
the as-deposited and annealed states.
3.3. Nanohardness
Nanoindentation test was conducted to evaluate the mechan-
ical properties of the binary Mo–Ru coatings. To prevent theμm
2.0
1.0
2.0 μm1.0
b)
μm
2.0
1.0
2.0 μm1.0
)
20 nm
10 nm
0 nm
20 nm
10 nm
0 nm
(a) Mo46.3Ru53.7, (b) Mo38.3Ru61.7, (c) Mo34.7Ru65.3, (d) Mo11.6Ru88.4.
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Fig. 9. Surface morphologies evaluated by AFM (a) Mo46.3Ru53.7 and
(b) Mo34.7Ru65.3 coating annealed at 600 °C for 4 h.
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the precise nanohardness and Young's modulus of films [18]. A
typical load–displacement curve obtained from nanoindentation
tests under 5000 μN load ofMo46.3Ru53.7 film is shown in Fig. 5.
It is apparent that the penetration depth by the Berkovich tip is
only under 100 nm. Since the Mo–Ru coatings exhibited
thickness around 1 μm, the 100 nm indentation depth under
5000 μN normal load was well within 1/5–1/10 rule spec-
ification in this study. Thus, reliable data could also be obtained
under such testing load.
The nanohardness and Young's modulus data on the surface of
the Mo–Ru films are listed in Table 2. The nanohardness and
Young's Modulus of Mo46.3Ru53.7 film were 12.9±0.4 and 250±
10 GPa, respectively. With increasing Ru content, the nano-
hardness was decreased to 11.0±1.1 GPa. The Young's Modulus
exhibited a similar decreasing trend with Ru content, as listed in
Table 2. From XRD analysis, it was confirmed that the grain size
was increased with the Ru content. The hardness and Young's
Modulus of as-deposited Mo–Ru films with various grain sizes
are represented in Fig. 6. It is demonstrated that the hardness is
dependent on the grain size according to the Hall-Petch equation:
H ¼ H0 þ KHd−1=2 ð3Þ
where d is the grain size, H is the hardness, H0 and KH are
constants. The smaller grain size can induce more grain bound-
aries that obstruct dislocation movement and thus strengthen the
coating. In this study, it was believed that the decrease of nano-
hardness and Young's Modulus were attributed to the increase in
grain size due to the increase in Ru content in theMo–Ru coating.
The heat treatment under 600 °C for 4 h in the vacuum
atmosphere were conducted to simulate the glass molding envi-
ronment. The nanohardness for Mo46.3Ru53.7 and Mo34.7Ru65.3
coatings through heat treating were 11.8±0.2 and 11.3±1.0
GPa, respectively, as indicated in Table 2. Since the grain sizes of
the heat treated films were around 26–29 nm, which was within
the region of the grain size distribution for as-deposited No–Ru
coatings, the resultant nanohardness ranged from 11 to 13 GPa,
for the as-fabricated coatings. Consequently, theMo–Ru coating
exhibited a good thermal stability and showed no appreciable
degradation in nanohardness after high temperature annealing.40 50 60 70 80 90 100
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Fig. 8. Surface roughness, Ra and Rq, of the as-deposited Mo–Ru coatings with
respect to Ru content.3.4. Surface morphology and roughness
Fig. 7 shows the surface morphology of binary as-deposited
Mo–Ru films evaluated by AFM. The dense and granular
structure on the surface was revealed for all coatings. The rough-
ness values of the as-deposited Mo–Ru films are represented in
Fig. 8. With increasing Ru content in the coating from 53 to 88 at.
%, the surface roughness was raised from 5 to 12 nm in Ra. It was
argued that the rougher morphology might be attributed to the
granular surface caused by larger grain size. Nevertheless, the
calculated Ra value was in the nanometer scale for various Mo–
Ru coatings, implying that a smooth morphology could be
obtained using DC sputtering process.
It should be noted that only Ru(Mo) phase was observed in
the the Mo11.6Ru88.4 coating through XRD analysis. In coatings
with Ru contents from 53 to 65 at.%, i.e. B, C, and G, twoTable 3
Surface roughness, Ra and Rq, of annealed Mo–Ru films
Ra (nm) Rq (nm)
Mo46.3Ru53.7 26.4 28.5
Mo34.7Ru65.3 17.1 20.2
2212 Y.-I. Chen et al. / Thin Solid Films 515 (2006) 2207–2212phases of Ru(Mo) and Mo5Ru3 were revealed in the binary
coatings. It was believed that the dual phase distribution
exhibited suppressed effect on the grain growth. The roughest
surface morphology with 12 nm in Ra and 20 nm in Rq was
therefore found in the Mo11.6Ru88.4 coating.
Surface morphology of the Mo46.3Ru53.7 coating annealed at
600 °C for 4 h is plotted in Fig. 9. It is apparent that the surface
became rougher with Ra and Rq of 26.4 and 28.5 nm,
respectively, as compared to as-sputtered deposit, indicated in
Fig. 7(a). Through the heat treatment, the grain size of the
Mo46.3Ru53.7 coating was increased from 19.1 to 26.4 nm.
Again, severer granular grains caused by grain growth during
annealing process resulted in rougher morphology. It should be
noticed that the Ra value of the heat treated Mo34.7Ru65.3 was
17.1 nm, which was similar to that of the as-deposited coatings.
The Ra and Rq of annealed Mo–Ru films are listed in Table. 3.
It was believed that from the observation of surface morphology
evolution, the Mo–Ru coating exhibited a satisfactory thermal
stability under 600 °C annealing.
4. Conclusions
The Mo–Ru binary noble metal coatings were successfully
deposited using DC magnetron sputtering technique with a
multi-target system. The composition of Mo–Ru films could be
adjusted by the input power control. Through X-ray diffraction
technique, Ru(Mo) and Mo5Ru3 phases were observed for the
Mo–Ru coatings. A hardness of approximately 13 GPa was
observed for Mo46.34Ru53.66 film. The grain size increased with
the Ru content in the Mo–Ru coatings, while hardness de-
creased with the Ru content due to grain size effect. The coat-
ings after annealing showed a compatible nanohardness with
those of the as-deposited ones. The AFM survey indicated that
the surface morphology of heat-treated Mo–Ru coatings ex-hibited a nanoscale surface profile. It was demonstrated that the
Mo–Ru coatings with the Ni interlayer achieved satisfactory
thermal stability with respect to phase evolution and surface
characteristics including roughness and hardness.
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